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The development of DNA vaccination to mucosa! surfaces has 
continued apace over the last 2 years, witit tiie Investigation of 
several novel delivery vehicles. There have brni advances In the 
understanding of the bask immumlogical mechanism tebind the 
induction of Immune responses by pbsmki DNA. The mechmlstic 
insights are pavii^ way for the des^n of a second gaieration of 
mucosally delivered DNA vaccines. This article teviem tfie recent 
progress in the field of microparticle, cationic lljdd and bacterial 
daivery systems. All these mechanSsna affbrd some pn^ection 
from envirunmentBl d^radatitm end fedUtate DNA uptake. These 
methods have been compared witb respect to transfection 
efficiency, ability to elicit a fiill range of immune nspotises and 
their relative safety for in vivo applications. 
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Introduction 
Mucosal immunization 

Infectious diseases are associated with global morbidity and 
mortality. The majority of these diseases are caused by 
pathogens that first have to either cross or infect/ colonize 
the mucosa prior to Infection of the host. It is therefore 
logical to assume that pre-established pathogen-specific 
immunity at the site of entry could help prevent the 
establishment of clinical disease. Despite tills, the Salk polio 
vaccine is the only commonly administered vaccine that is 
targeted to specifically generate mucosal, as well as systemic 
immunity [ij. 

Optimal induction of specific immune responses at the 
mucosa have in general been associated with targeting 
antigens to the specialized sites of the mucosal immune 
system. Such sites may Indudc the organized lymphoid 
tissue associated with the gut, rectum, bronchus and 
nasopharynx or the draining lymph nodes [2]. Ant^ens 
presented at these sites induce the priming and homing of 
IgA-committed B-cells and effector T-cel!s to a variety of 
mucosa! tissues. Such an approach has the advantage of 
potentially achieving both systemic immunity and secretion 
of antigen-specific IgA at distal mucosal sites. In contrast, 
with few exceptions, systemic vaccination strategies have 
failed to elicit significant mucosal immunity [Z], However, 
systemic vaccinations combined with mucosal 
administration regimes have been reported to boost mucosal 
immune responses |4,5>1. The large suri^ce of the mucosal 
tissues is protected primarily by the secretory form of 
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antibodies belonging to the IgA isotype 16]. Secretory IgA 
(sIgA) has been demonstrated to have neutralizing functions 
and tfie potential to block bacteria! and viral adherence to 
epithella [7]. In addition to sIgA, cellular proliferative and 
cytotoxic T-lymphocyte {CTL} responses may be essentia! 
for virus clearance and prevention of dissemination from the 
mucosal surface 18.9J. 

Induction of both cellular and sIgA responses can be 
achieved by direct delivery of antigens to the mucosal 
surface. However, mucosal surfaces are highly 
tmmunotolerent environments, mainly due to the hl^ 
antigenic load commonly found at these sites, such as 
airborne particulates and food-derived peptides [3], To 
overcome tolerance, adjuvants, such as cholera toxin sub- 
unit B (CTB), are often required to elicit potent Immune 
responses to recombinant antigens [10-13]. A number of 
studies have demonstrated how mucosal immunization with 
recombinant antigens can induce protection against 
subsequent viral challenge il4,15). 

There is currently a need for an alternative to both 
recombinant protein and attenuated virus vaccines. There 
have been various risks associated with live attenuated virus 
vaccines. The secretion of virus has been reported after the 
administration of live polio vacdne or a combined regime of 
live and inactivated vaccine |I6]. Attemativety, recombinant 
protein vaccines, often being derived from transformed 
bacteria, commonly show different protein folding patterns 
to the native protein. This can lead to the generation of 
antibodies with only a low affinity to the live pathogen, 
Furthermore, because of the exogenous nature of the vaccine 
antigen, immune responses tend to be heavily skewed in 
favor of T-helper 2 CThZ) responses [3]. The CTL response 
may also be weaker than following endogenous expression 
of the antigen from virus infection. 

0AM vaccines 

A recent development In vaixine technology is that of DNA 
vaccines, in which antigens are sytheslzed In vivo after direct 
Introduction of Ih^r coding sequences into cells. DNA 
vacdnes consist of a bacterial plasmid with a strong 
eukat^ic viral promoter, the gene of interest and a 
polyadenytation termination sequence (Figure I), The 
Immediate early (IE) promoter/enhancer of human 
cytomei^ovlrus (CMV) is one of the most frequently used. 
The IE promoter has been shown to drive high levels of 
expression of various reporter proteins, in a wide variety of 
mammalian cell types jlT]. DNA vaccines represent a 
molecularly defined entity, which is both non-replicative in 
vivo (hence safe) and easily produced in large quantities. The 
safety of DNA vacdnes has been studied from the earliest 
investigatioiis. No in vivo evidence for chromosomal 
integration has been reported using PGR analysis of gel- 
purlHed genomic DNA extracted from different tissues 
118,19]. 

Vaccination strategies using plasmid DNA (pDNA)-encoded 
proteins are particularly pertinent to the generation of Immune 
responses to Iraracellular pathogens. The DN A-encoded protein 
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Figure 1. Sc^malic diagram of a tfpkM ON A vacctn* plasmid. 





CWIE 
promoter/Mihancer 


Antibiotic / / / 




gene / / / 






1 1 / ProkaryoBc 
\ / 1 ba(*bone 




\ RMombfnant 
1 VBcans tsr^Bt onitigan 


ProkaryoSc^'^,^^ 
otlgbi of 
repNcatlon 


Bovine grovrih tiortiiona 
pi^A tail slgnat saqumc 





The schetttadc sixws the different sequencing elemmts common)/ found on a typical DMA vaccine plasmid. The cytomegalovirus Immediate esuty 
(CMV IE) pfomoter/enhancer sequence Initiates RNA polymerase l)j upstream of she 5' end of ^e target antigen sequence. The CM V IE sequence 
wS ptomOle transcripSon in mammalian cells but not pn*atyotlc. Downstream of the CMV IE sequence Is the target antigen sequence orientated 
S' to 3', which Is flanked by the bovine growth homnone poly adenyl^ion (BGH pc^yA) slgnat sequence. The SQH polyA sequ^xe Is a highly 
promiscuous polyA signaling sequence which promotes the synthesis of a 3' po^A tail (impwtant for mRNA stability in mammalian cells}. The 
origin of replication (usually ori E) allows the j^aartd to maintain copy number In the prok870tic transtormant (usually E coif) used for ctofing. 
FInaliy, there is a prokaryotic gene which confers antibiotk: resistance to the bacterial bansformant used for cloning. Many resistance markers can 
be used, the nxrat common t>Bing 9ie bla gene which codes for ampicilBn resistance in E coif, 3oth the plasmid origin of replicaSon and the 
anfiblotlc resistance encoding sequences forni part of the prokaryoHc plasmid backbone, rich in unmethytated CpG residues. 



is expressed in the host cell and therefore undergoes 
appropriate post-translatlonal modification and intracellular 
transport. The protein will also be piresented by MHC class I 
and so can genn^te a CTL response, as well as high afllnity 
humoral responses I20*). Furthemnore, unlike eukaryotlc 
DNA, bacteria! DNA contains a high frequency of 
unmethylated CpG dlnucleotlde sequences that eltdt both 
innate and adaptive immune responses In vertebrates. These 
sequences induce dendritic and B-cell activation, 
upregulatlon of MHC class II, Immunoglobulin and cytokine 
secretion [21,22.Z3»»1. This means that prokaryotic-derived 
plasmids containing bacterial DNA backbones, may be 
natural adjuvants that can increase immune responses to the 
in situ expression of the encoded protein. 

Initial studies demonstrated that direct Intramuscular {im) 

injection of pDNA in saline (so called 'naked DNA') using 
reporter genes such as ludferase and chiordmphenicol acetyl 
transferase led to Jong-term expression of the reporter gene 
i 18,241. Subsequent studies using pDNA encoding viral and 
bacteria! antigens have demonstrated that it is possible to 
induce immune responses to the encoded protein. 
[25,26«.E71. Several studies have shown that direct Im 
injection of naked pDNA encoding Influenza or HIV 
proteins protected both mice and non-hunnan primates 
respectively, after subsequent challenge with homolt^ous or 
heterologous sU^ins of virus 128,29) , 



A major drawback with using naked pDNA Is that multiple 
doses of large amounts of DNA (1 to 2 mg) are required to 
induce optimal CTL and humoral responses in non-human 
primates |30.3l«»). This Is further exaceitated by the feet 
that compared to systemic routes of delivery, such as im 
inoculation; muccKsd administration of naked DNA results 
in a greatly decreased uptake and tongevtly (31»»]. This Is 
probably due to endonudeases present tn and the general 
dilution effects of mucosal secretions, which may decrease 
the effective concentration of pDNA at the mucosal surface 
132, Klavinskis LS, unpublished observationsl. However, 
recently a number of advances have been made, particularly 
with respect to pDNA delivery, that have greatly liKreased 
the efficacy of mucosal DNA vaccination. Ihe four rec«it 
dellvety systems that have been applied to mucosal DNA 
vacdne delivery Include: ballistic delivery, catlonlc lipid 
complexes, microparttcles and bartarlal vectors. 

Delivery of plasmid DNA to mucosal surfaces 

BaUisticflet doUvBry 

The first significant improvement on manual injection of 
naked DNA was a technique termed 'gene gun'. The gene 
gun has bwn particularly effective at deltvering pDNA 
intradermaily. Gold micropartides are coated with pDNA 
in the presence of spermidine and are delivered to the 
skin by high velocity bombardment. This results In the 
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expression of the encoded protein in approximately 10 to 
20% of dermal cells at the site of bombardment [33]. The 
gene gun delivers the pDNA directly Into the eytosol and 
is associated with the induction of both humoral and 
cellular immune responses at lower concentrations of 
pDNA than by im injection !34»1. Gene gun inoculation of 
BALB/c mice with as little as 0.4 jig plasmid encoding 
influenza hemagglutinin glycoproteins could confer 95% 
protection against lethal Infection with live virus, after 
just one boost (35]. Dermal gene gun inoculation witii 
vaccine plasmid has been shown to be highly effective at 
inducing high titer antibody responses to a range of bacterial 
and viral pathogens J36], These Indude inducing long-term 
protection from lethal rabies challenge after Just one boost 
[26»j. Despite the high eRkacy of the gene gun, it is a 
financially expensive method of vaccination, and to adapt it 
for induction of mucosal Immunity requires Mghly invasive 
procedures. Such procedures Include direct tombardment of 
the vaginal mucosa or the surgical exposure of the Peyer's 
patch prior to bombardment [37,38]. 

A more practical application of ballistic delivery to mucosal 
surfaces is the use of a high pressure jet injection (derived 
from dentistry) for the delivery of pDNA In solution to the 
buccal mucosa |39»»]. The jet technique elicits antigen- 
specific sIgA In hir^ lavage and specific s«rum IgG 
antUiody, predominately of the IgGZa isotype. Potentially 
this method a^ords a simple, safe and patient compliant 
method of mucosal vaccination. 

Biodegradable particulate delivBry systems 

In attempts to overcome enzymatic degradation and 
improve antigen expression of pDNA, a variety of 
mlcropartlcles have been developed. Unlike gold partlde.s, 
polymer microparticles, synthesized from polyClactide-co 
glycolide) (PLG), are fully biodegradable 140). These 
microparticles are produced using a solvent evaporation 
process. During the synthesis of the microparticles. 
therapeutic drugs or pDNA present in the aqueous-phase 
become encapsulated during the fonnation of the emulsion 
141-43]. The PLG microparticles are taken up by cells and 
release their contents slowly as they are biod^raded (at a 
rate determined by particle size). The entrapped pDNA is 
protected from the external environment by the polymer, 
allowing mucosal administration without fear of 
degradation. However, the rate of uptake of PLG 
micropartides across the mucosa! epithelium is known to be 
low (< 0.01%). which may limit the efficiency of this 
approach. 

This technology has been used to engineer an orally 
administered rotavirus mlcropartlcle vaccine for preclinical 
testing in BALB/c mice [44«). The DNA expression vector 
used in this study encoded the VP6 protein encoded by the 
£W strain of rotavirus under the control of the CMV IE 
promoter/enhancer, The nrice vrere Inoculated orally with 
PLG microparticles containing either VP6-encoding pDNA 
or control pDNA. Each mouse received a shigle drae of 
particles containing approximately 50 jig of pDNA. 
Antibodies specific to VP6 were detected in serum from 4 
weeks post-inoculation. AnUbody titers peaked at 6 weeks 
post-infection and were sUll present by 12 weeks post- 
infection. Low levels of fecal sIgA specific to VP6 were 
detected only after 6 weeks post-inoculation, which is 



surprising. Slgniflrantly lower virus titers were shed in the 
vaccinated mice compared to the controls, following virus 
challenge. However, the duration of virus shed remained 
the same and It was not possible to evaluate whether the 
vaccine protected the mice from clinical disease. Important 
questions still need to be addressed to confirm the efficacy 
of this new approach to DNA vaccination. However. If 
protection from clinical disease could be achieved with Just a 
single Inoculation, this would represent a major 
advancement In DNA vaccination. 

By modifying the solvent evaporation process, catlonic PLG 
microparticles can be generated 145»], Either 
cetyhrimethylammonium bromide (CTAB). dimethyl 
dtoctadecylammonium bromide (DDA) or 1, Z-dioleoy 1-1.3- 
trimethylammoniumpropane (DOTAP) were dissolved in 
the aqueous-phase or the PLG polymer solution prior to 
particle synthesis. The resultant caUonlc microparticles 
could then bind pDNA via ionic Interactions between the 
particle surfaces (which are podtlvely charged) and the 
negatively charged phosphate backbone of the DNA. From 
the three types of cafionic particle produced, the PLC/ CTAB 
particles had the highest surface charge density and bound 
pDNA the most efficiently. Al! three catlonic mlcropartlcle 
beads were loaded with pDNA encoding HIV-1 p55 gag. 
driven off the CMV IE promoter/enhancer. The pDNA- 
bound micropartides were Injeaed via the im route and 
compared with an equal dose (1 |ig) of naked pDNA 
encodlngHrV-lp55[45.1. 

The naked DNA failed to induce a CTL response after a 
single inoculation. By comparison, both the PLG/CTAB-p55 
pDNA and the PLG/DDA-pSS pDMA induced a potent CTL 
response, above those observed in p55-expressing vaccinia 
infected mice. All three types of surface-bound pDNA 
microparticles Induced high serum antibody titer 1 month 
after the booster vacdnatlon. p55 gag-speclfic antibody titers 
were Z to 3 log„ higher than were Induced by naked vaccine 
vector alone. It has been argued that pDNA has greater 
stablli^ when bound to the surface of a bead rather than 
encapsulated. This Is due to the high shear that occurs at the 
OTganlc-Zaqueous-phase Interface during encapsulation [46], 
The in vitro release rate of pDNA from the catlonic 
micropartides was initially rapid (35% by day 1) but then 
slowed until by day 14, 75% of the pDNA bound to the 
beads had been relinquished. The dynamics of the release 
properties are potentially closer to an acute virus Infection 
than the encapsulated pDNA delivery systems, However, 
wheUier the catlonic PLG microparticles offer a more potent 
mucosal delivery system remains to be seen. Singh et al 145»1 
allude to enhanced mucosal potency in their paper on 
systemic delivery. The mucosal data Is awaited for critical 
review. 

Catfojlfo lipid complexes 

Cationic lipid technology has provided one of the best- 
characterized non-viral delivery systems. The rationale was 
the ability of these lipids to facilitate transfer of the heavily 
charged pDNA into the eytosol. The lipids used to complex 
the pDNA consist of a positively charged lipid, eg, DMRIE 
147-50] or GAP-DLRIE {48,51 ,521, which bind to the negative 
charge of the phosphate pDNA backbone. A neutral 
phospholipid Is generally Included as a collpid for stability. 
The formation of the pDNA-Hpld complexes Is In many 
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respects analogous to the catlonic micropartlcles described 
previously. Successful gene transfer requires the 
condensation of the plasmld, cellular-binding and uptake 
[53). Many different lipid formulations have been analyzed 
which enhance these processes in specific cell types [51,54]. 

Lipid formulations have niostly lieen applied to the delivery of 
pDNA vaccines to the rffiplratory and gastrointestinal tract 
131 ••.49,55.56). It has now been shown that incorporation of 
pDNA into iipid complexes can result in enhancement of both 
humoral and cellular immune responses following muccsal 
delivery 131,48]. This enhancement of the immune response 
has in part been attributed to an increase in expression of the 
encoded protdn in mucosal tissues i31**}. Intranasal ddtvety 
of a reporter gene (firefly lud^ds^ compilexed to 
DMRIE/DOPE was demonstrated to increase protein 
expression by 30-fold in nasal t!sK»e compared to 
administration of the cognate naked pDNA Analysis of 
the immune responses induced to the encoded protein 
demonstrated that immunization with pDNA-lipid complexes 
Induced a significant increase in specific mucosal IgA antilxsdy 
when compared with administration of naked pDNA [31»*1. 
Following intranasal delivery of the pDNA-lipid complexes, 
specific sIgA was detected in vaginal and rectal fli^ds (49). 
This observation provides dear evidence for the potential of 
mucosal delivery of pDNA at one site to Induce immune 
responses at distal sites via a non-lnvadve route of vaccination. 
This may relate to the concept of the common mucosal 
immune system (5?!. 

As discussed above, the lipids selected for complexlng with 
pDNA may influence the transfection effldency of speciRc cell 
types, and may act synergistlcally with bacteria] pDNA in 
providing an adjuvant effect IBamfleld C, unpublished 
observations]. A comparison of humoral responses elldted by 
either Intranasal or oral vaccination with DMRIE/DOPE or Dc 
Cholesterol/DOPE indicated that both antigen-spedfic serum 
IgG and antlgen-spedflc IgA were significantiy enhanced using 
DMRK;/IX)PE IBamfleld C. Klavinskis L, unpublished 
(^jservatlonsl. This observKtlon may relate in part to the level of 
protein expression achieved and the adjuventiclty of the lipids 
[Bamfield C, K]a>^nskis L, unpublished observadons]. These 
mechanistic insights into de mode of acdon of pDNA lipid 
complexes following mucosal administraiitan, explain why 
in certaJn studies using Ujidd-fonnulated pDNArSpedfh; 
mucosa antibodies were only minimal^ detected {50,55). 

Bacterial vectors 

An alternative to lipid complexes or micropartlcles is the use 
of plasmld transformed live bacteria to deliver the pDNA to 
the mucosa. Presently four diflferent bacterial species are 
being evaluated for pDNA delivery; SMgeUa Hexneri. 
Salmonella typhi. Listeria monocytogenes and invasive strains 
of Escherichia co/i [58). Integration of the pDNA into the 
genomes of eel! lines following in vitro infection with pDNA 
transformed £ mil and L moaocytnggneis have been reported. 
However, it is not icnown whether Integration occurs Jii vim. 
Clearly safety concerns will have to be flilly addressed prior 
to dintca! trials using bacterial pDNA delivery vectors in 
man. 

A highly attenuated strain of Shigdia flexnert has been 
dev^lojKd and api^ed to deliver a measles virus (MV) 
DNA vaccine in a murine study [59**]. The Shigdla Dextteri 



strain used contained a deletion (A) in the asci gene. This 
gene encodes an aspartate p-semialdehyde dehydrogenase, 
which is essential for cell wall synthesis and bacteria! 
growth. Between 10* and 10* colony forming units (cfu) 
could be safely Inoculated (in) into the lungs of both normal 
and immunocompromised (■y-interferon knocltout and 
severely confined immunodeflcient) BALB/cJ mice. 
Despite being replication defective, the Aasd mutants retain 
the ability to escape the lysozome and deliver the pDNA 
directly into the cytosol, following cellular uptake [60j. The 
bacteria were cleared from the lungs of all the mice within 3 
days of inoculation, demonstrating the lack of reversion 
back to virulence by the &asd mutants. Conversely, similar 
dtens of wild-type Shig^la ikxneri inoculated into the same 
ttaee strains of mice proved 100% lethal by 5 to 6 days post- 
inoculation. 

For the purposes of vaccination the &asd Shigella llexneri 
mutants were transformed with a DNA vaccine plasmid 
encoding either the MV fusion, hemag^utinln or nuckoprotein 
gene driven by the CMV IE promotor/enhancer. Test mice 
were inoculated intranasally, with 1 to 3 x 10' cfu and then 
boosted monthly. The immune responses induced to the 
MV-encoded proteins were predominandy but not 
exclusively Thl, since IL-4 was produced by splenocytes 
following in vitro restimulation with the appropriate MV 
protein. Both IgG and IgA responses to MV were detected in 
the serum of vaccinated mice, with titers increasing after the 
second boost Antibody titers however, remained relatively 
tow. ■ Conversely, vaccination generated strong CTL 
responses after one boost. Surprisingly, the CTL responses 
were equivalent to the levels seen In mice inoculated by the 
systemic route with attenuated Salmonella typhi harboring 
the same MV-encoding plasmid. Furthermore, immune 
responses were only slighdy reduced in mice vaccinated 
against Aascf Shigella fkxneri prior to vaccination with MV 
strains, This study clearly highlights the potential of using 
bacterial DNA vaccine delivery systems, especially with 
respect to the third world. 

Conclusion 

The possibility of introducing mucosal immune responses to 
a prot^ expressed dlrwtly from an Introduced gene by 
various modes of pDNA deliveiy represents an attractive 
alternative to attenuated or recombinant vaccines. Mucosal 
delivery of pDNA vaccines by intranasal, buccal or oral 
routes represent simple, non-Invasive routes which are 
highly suited for mass vaccination. The immune responses 
induced after mucosa! delivery of DNA vaccines have in 
general been lower than those induced after parental 
delivery. However, with improved mechanisms of delivery. 
Increased antibody as well as cellular responses can now 
effectively im Induced. A number of new delivery 
techniques are being employed which enhance antigen 
expression and subsequent Immune responses, ie, 
micropartlcles, catlonic lipid aggregates and bacterial carrier 
vectors. It is twcomlng apparent that the type of Immune 
response elicited by mucosal application of pDNA is 
influenced by several factors induding the mucosal site, 
delivery vehicle and incorporation of adjuvants. The second 
generation of DNA vaccines both protect pDNA from 
mucosal endonuclease de^adation and enhance cellular 
uptake. With the exception of the Satk polio vacdne ]1]. 
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there is currently an absence of clinically administered 
mucosa! vaccines. The Increased efficacy of mucosal DNA 
vaccines may make these vaccines realistic camJidates for 
clinlcai trials in the future. 
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